Simian T-cell leukemia viruses (STLVs) are the simian counterparts of human T-cell leukemia viruses (HTLVs).
The human T-cell leukemia virus (HTLV) is separated into two serologically and genetically distinct types (HTLV-1 and HTLV-2). Both types have a simian relative: HTLV-1 is related to simian T-cell leukemia virus type 1 (STLV-1) and HTLV-2 is related to STLV-2 (4). STLV-1 infects a wide range of wild nonhuman primates (NHPs). In fact, natural infection with STLV-1 is found among macaques, guenons, mangabeys, baboons, and apes in Asia and Africa (12, 21) . In contrast, STLV-2 has been solely identified in the pygmy chimpanzee (Pan panisucus). As STLV-2 strains were isolated from captive pygmy chimpanzees, its natural occurrence remains unknown (6, 15) . HTLVs and STLVs are collectively called primate T-cell leukemia virus (PTLV).
Phylogenetic characterization of PTLV strains, especially PTLV-1s, showed that they share complex evolutionary relationships that often correlate with the geographical origin of their host rather than their host's phylogeny. These complex relationships are interpreted as evidence for cross-species transmissions between different NHPs as well as between humans and NHPs (4, 5, 31, 35) . For instance, a group of HTLV-1 strains found in Central Africa are more closely related to African STLV-1 than to other human strains. Furthermore, recent studies identified additional divergent HTLV-1 isolates of this type, hence indicating that zoonoses (crossspecies transmission between human and animal) of PTLV-1 are rather frequent (3, 16, 23) . Of particular relevance is the fact that zoonoses also play a pivotal role in the epidemic of another human retrovirus, human immunodeficiency virus (HIV). Like HTLV-1 and -2, HIV is separated into two distinct types (HIV-1 and -2). These two types of HIV are believed to have arisen in Africa by independent zoonoses; HIV-1 is likely to have originated from Central African chimpanzees and HIV-2 seems to have come from the West African sooty mangabey (8) . Therefore, a better understanding of the natural prevalence of these pathogens among wild NHPs may help not only to elucidate the evolutionary origins of these human retroviruses but also to prevent a further epidemic of a new human retrovirus.
Recently, a third type of the STLV group (STLV-L) was isolated from captive hamadryas baboons (Papio hamadryas) in Belgium (7). The prototype strain of STLV-L (PH969) was serologically more closely related to PTLV-2 than to PTLV-1, but it was genetically divergent both from PTLV-1 and -2 (28) . So far, STLV-L infection has not been identified among wild NHPs. We took advantage of an opportunity to conduct a serological survey for STLV among wild NHPs in Ethiopia. Ethiopia neighbors Eritrea, which is the country from which the original monkey infected with STLV-L was exported to Belgium. This country is inhabited not only by hamadryas baboons but also different monkey species. It is noteworthy that there are several natural colonies of baboons that are hybrids between hamadryas and anubis baboons, which have been established and separated for a long time from both the parental subspecies (25) . We aimed to determine whether the hamadryas baboon is truly infected with STLV-L under natural condition and whether STLV-L infection is prevalent among other NHP species. We demonstrate here that hamadryas baboons are naturally infected with STLV-L at a high rate. Our results also show that STLV-L infection is confined to hamadryas baboons and hybrid baboons.
MATERIALS AND METHODS

Specimens.
The blood samples used in this study were collected from 519 wild NHPs in Ethiopia for genetic studies between 1975 and 1985 by the Primates Research Institute of Kyoto University. When the blood samples were taken, they were divided into blood cells and plasma and stored at Ϫ80°C. The 519 animals consisted of 40 hamadryas baboons (Papio hamadryas hamadryas), 96 anubis baboons (Papio hamadryas anubis), 50 baboons that were hybrids between hamadryas baboons and anubis baboons (25) , 156 gelada baboons (Theropithecus gelada) (26) , and 177 grivet monkeys (Cercopithecus aethiops) (24) . The locations at which the monkeys were sampled are shown in Fig. 1 .
Serological assays. Plasma samples were first screened for HTLV antibodies with a particle agglutination (PA) kit (Serodia-HTLV-1; Fujirebio, Tokyo, Japan). Weakly reactive plasma samples were further tested with a different PA kit which is somewhat sensitive for both types of HTLV-1 and -2 (Serodia-HTLV-1 and -2; Fujirebio). Several positive samples were further tested with two Western blotting (WB) kits (HTLV blot 2.4 [Genelabs Diagnostics, Singapore] and PROBLOT HTLV [Fujirebio] ) according to the manufacturers' instructions. The former kit was capable of distinguishing between HTLV-1 and -2 antibodies. All the serological assays were carried out according to the manufacturer's instructions. Four PA-positive samples of the hamadryas baboons and two PApositive samples from hybrid baboons were tested by indirect immunofluorescence assay (IFA) using MT1 cells, an HTLV-1-infected T-cell line, as antigen (9) .
PCR. We carried out nested PCR to amplify two proviral regions (pX and LTR) on chromosomal DNA extracted from the blood cells. DNA was extracted either with Easy-DNA Kit (Invitrogen, Carlsbad, Calif.) or QIAamp Blood DNA Mini Kit (QIAGEN, Hilden, Germany) according to the instruction manuals. We carried out the nested PCR with special care to avoid cross-contamination. Throughout this study, all negative controls gave negative signals. The nucleotide sequences of the oligonucleotide primers, the positions in the prototype strains and the expected fragment sizes are shown in Table 1 (34) . Oligonucleotide primers for amplification of type L strains were designed based on the reported STLV-L strain (PH969) (30) . The nested-PCR conditions are described elsewhere (18, 33) .
Cloning and DNA sequencing. The amplified fragments were blunt ended by T4 DNA polymerase and subcloned into the HincII site of pUC119. The nucleotide sequences were determined in both directions by using an automated DNA sequencer (373A auto sequencer; Applied Biosystems, Foster City, Calif.) and a commercial kit (Taq DyeDeoxy Terminator Cycle Sequencing Kit, Applied Biosystems). We usually sequenced two clones for each sample.
Phylogenetic analysis. For construction of phylogenetic trees, both the new and previously reported nucleotide sequences were aligned by using the computer software CLUSTAL W (27) and minor modifications. Pairwise genetic distances were estimated for each resampling by Kimura's two-parameter method (13) . All phylogenetic trees in the present study were constructed by the neighbor-joining (NJ) method (20) , which is considered to be the most reasonable algorithm in various phylogenetic inference methods. In order to ascertain the robustness of the constructed NJ trees, bootstrapping was done to generate 1,000 resamplings of the original sequence alignments. The trees were visualized with the computer program TREEVIEW (19) .
Nucleotide sequence accession numbers. The new nucleotide sequences in the present study have been deposited in GenBank under accession no. AF378160-2 (pX region) and AY33490-2 (LTR).
RESULTS
In an attempt to understand the evolutionary origins of STLV, we carried out serological and molecular analyses on five different monkey groups from Ethiopia. A total of 519 plasma samples were screened using the PA assay. Cross-reactive antibodies against HTLV were observed in 95 (18 (Table 2 ). This observation was surprising. First, our previous study did not indicate any positivity among the same hamadryas baboons. Second, the number of seropositive hybrid baboons were much higher in the present study than in the previous one. Since the previous study employed IFA for the serological screening assay (11) with an HTLV-1-infected cell line as the antigen, we considered this finding to be a result of the broad specificity of the PA assay used in the present study. Indeed, we conducted IFA on four hamadryas and two hybrid baboons, but none of these samples were seropositive (data not shown). Thus, we speculate that there is a divergent PTLV-related retrovirus (such as STLV-2 or STLV-L) that is PA positive but IFA negative.
To test this possibility, we carried out further serological assays with two different WB kits. One of them, which is specific for PTLV-1, did not show any clear positive reactivity in two plasma samples of the PA-positive hamadryas baboons (data not shown). The other WB kit that can differentiate PTLV-1 and -2 indicated strong reactivity against the K55, p24, and GD21 proteins in two out of the four PA-positive hamadryas and one of the three tested hybrid baboons (Fig. 2) . The WB pattern of these baboons is very similar to the WB patterns of captive baboons infected with STLV-L (29) . In contrast, the tested seropositive anubis baboons and grivet monkeys exhibited a typical WB profile of STLV-1. Thus, these results suggested that STLV-L-like viruses are present in the wild hamadryas and hybrid baboons.
To confirm the presence of STLV, we carried out nested PCR to detect the proviral DNA. At first, we used primer sets that are able to detect PTLV-1 and HTLV-2. We were able to amplify STLV sequences in the samples with an STLV-1-like WB profile from anubis baboons and grivet monkeys, but not in the samples with an STLV-L-like WB profile from hamadryas and hybrid baboons. This result led us to assume that these PCR-negative baboons are infected with STLV-L. Subsequently, we attempted a nested PCR with primers that were specific for STLV-L. To obtain these primers, we started with primers for PTLV-1, -2, and -L (30) and then modified a few nucleotides to make them specific for STLV-L (28). Nested PCR for STLV-L yielded positive signals on the seropositive samples of the hamadryas baboons. In addition, the hybrid baboons with an STLV-L-like WB pattern were also found to be positive with this STLV-L-specific PCR system. We also Nucleotide positions correspond to the full genome sequence of ATK, the prototype strain of HTLV-1 (J02029). d These primers, originally developed as a generic PCR system for PTLV, were modified to specifically amplify STLV-L. e Nucleotide positions corresponds to the full genome sequence of PH969, the prototype strain of PTLV-L (Z29673).
confirmed that the primer sets for STLV-L were not able to amplify the STLV-1 and -2 proviral DNA, suggesting that the amplified proviruses were STLV-L.
We next determined the nucleotide sequences of pX and LTR. Two amplified fragments were sequenced from each baboon group (hamadryas and hybrid baboons). A BLAST search indicated that the new DNA sequences showed the highest homology to that of PH969, the prototype strain of STLV-L (2, 28). We first compared the pX region of PTLV. Sequence similarities of the new four sequences to PH969 were 94.4 to 99.4%, while those to HTLV-1 and HTLV-2 were 70.6 to 72.2% and 73.9 to 74.4%, respectively (Fig. 3) . A phylogenetic tree based on the pX region indeed revealed that the hamadryas and hybrid STLV made a monophyletic cluster together with the prototypic STLV-L strain PH969 (Fig. 4a) . Next, we examined the LTR sequences for confirmation of the findings on the pX region (Fig. 4b) . The homologies between the new STLV-L and PH969, HTLV-1, and HTLV-2 were 91.1, 49.9, and 53.5%, respectively. A phylogenetic analysis based on LTR also showed that these new strains belong to STLV-L with statistical support. These findings indicate that wild hamadryas baboons are infected with STLV-L.
To examine the prevalence of STLV-L in detail, we carried out type-specific nested PCR for all the positive samples in the PA assay. We found proviral STLV-L in 20 of the 22 seropositive hamadryas baboons. We also detected proviral DNA by type-L-specific PCR in 19 of the 24 hybrid baboons. In contrast, no positive signals were obtained for STLV-L in seropositive anubis baboons or seropositive grivet monkeys. The seropositivity of both the anubis baboons and grivet monkeys was attributed solely to STLV-1 infection as shown by type-1-specific nested PCR (Table 2) . We also found proviral STLV by type-1-specific nested PCR in four seropositive hybrid baboons. One of them was also positive in the type-L-specific PCR, suggesting a dual infection with STLV-1 and -L. These results indicate that STLV-L infections are confined to baboons with a blood relation to hamadryas baboons and that their prevalence is extremely high. 
DISCUSSION
Simian retroviruses pose a serious threat to public health. Two human retroviruses (HIV and HTLV, the causative agents of AIDS and malignant leukemia, respectively) are believed to have come from NHPs (4, 5, 8, 31) . Therefore, a thorough understanding of natural prevalence of these pathogens among wild NHPs may help us not only to elucidate the evolutionary origins of these human retroviruses but also to prevent an epidemic of a new human retrovirus. The present study showed that wild hamadryas baboons in Ethiopia have cross-reactive antibodies against HTLV with a WB profile that is very similar to that of STLV-L-infected captive baboons originally reported and they harbor viral DNAs that are closely related to the prototypic strain of STLV-L (PH969). Although we did not attempt virus isolation from our specimens, the existence of STLV-L was shown to be an infectious by Goubau et al. (7) . Thus, our study confirms that STLV-L prevails among hamadryas baboons and extends that the virus also prevails among wild baboons.
Ethiopia is also inhabited by anubis baboons, another subspecies of baboons living in southwest Ethiopia, in addition to hamadryas baboons, which are found mostly in northeast Ethiopia. Hybridization between these subspecies frequently occurs in boundary areas in which these two baboons are cohabiting (25) . In addition to hamadryas baboons, we tested the prevalence of STLV-L among anubis baboons and hybrid baboons. We also tested gelada, which are known to be close to baboons (genus Papio). We observed that STLV-L is present in hamadryas and hybrid baboons, but not in anubis baboons and gelada. Seropositive anubis baboons were exclusively infected with STLV-1, and no seropositive samples were obtained from gelada. It is important to note that the hamadryas baboons we tested are a pure population, as determined by genetic studies (25) . Thus, these results suggest that STLV-L in hybrid baboons originated from hamadryas baboons.
In addition to baboons, African green monkeys (AGMs) are known to naturally harbor STLV-1 (12, 22) . And it was reported that cross-species transmission has likely occurred between baboons and AGMs (14, 17) . Thus, we determined whether grivet monkeys, a subspecies of AGMs, are the original natural reservoir of STLV-L from which hamadryas baboons could have acquired STLV-L. Similar analyses were done, but we could not find any evidence for STLV-L infection in grivet monkeys and observed that the seropositivity of the monkeys was completely due to STLV-1 infection. Thus, it is unlikely that hamadryas STLV-L originated from AGMs or that cross-species transmission occurred between hamadryas and AGMs. Thus, STLV-L infections seem to be confined to hamadryas and hamadryas-like (hybrid) baboons. And, how hamadryas baboons acquired STLV-L remains unknown.
The present study revealed that the prevalence of STLV-L was remarkably high in wild baboons. This implies that there has been and will continue to be frequent accidental physical contact between humans and feral baboons infected with STLV-L, which could result in STLV-L spreading into the human population. This seems feasible in view of the fact that STLV-L grows in human cord blood cells in vitro (7) . Human and monkey contact is not negligible; for instance, the expansion of human habitats often causes more frequent encounters with baboons and other NHPs. Some other human retroviruses, which cause fatal diseases such as HIV, are indeed believed to come from NHPs (8, 10) . Moreover, recent reports have shown that not a single episode but multiple episodes of cross-species transmission of STLV-1 have occurred in Africa, implying that retroviral zoonoses occur frequently (3, 16, 23) . In this regard, it is interesting that Virelenik et al. indicated that some Ethiopian individuals (0.43% of the population) exhibit HTLV-2 positive reactivity (32). This result was based on a WB assay that was similar to the one used in the present study. The occurrence of HTLV-2 in Ethiopia may be unrelated to the occurrence of STLV-L in the baboons. However, given the high prevalence of STLV-L in Ethiopia, the possibility that HTLV-2-like seroreactivity of the Ethiopians was due to infection with STLV-L-like retrovirus cannot be ruled out.
Baboons have been considered potential donors for organ transplantation (xenotransplantation), although this proposal has been strongly criticized because of the potential of transmitting new infectious disease to humans (1) . In fact, the U.S. before proceeding with NHP xenotransplantation. In this regard, the present findings indicate that STLV-L should be considered another pathogen of baboons that could jump to humans and stress the need for further investigation of captive baboons.
